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receptor types on the cell surface as shown by lectin binding 15, 18 . Secondly, CHO cells lack 147 an α-2,6-specific sialyltransferase and only express α-2,3-linked SA. Hence, we chose them 148 as a comparative model for studying viral binding to cells displaying only avian-type 149 receptors 15 . For SVFS, intact viruses were covalently attached to AFM cantilevers as 150 previously reported (Fig. 1) 17 . Binding to cells was measured in a dynamic range of 151 increasing loading rates, i.e. pulling velocities to determine the dissociation rate at zero force 152 k off . Unbinding events were recorded and analyzed to obtain the rupture force F as well as the 153 effective spring constant k eff , defined as the slope of the force-distance curve at rupture (Fig. 154 3a). From k eff , the loading rate r (force per time) was calculated by multiplication with the 155 retraction velocity v. Notably, we used an adapted data analysis procedure, which takes the 156 variable local conditions of a living cell surface into account 27 . Briefly, although the loading 8 function (pdf) of the interaction between influenza AH1 and A549 cells with a binding 169 probability of 29.7 % (v = 500 nm/sec). The pdf shows a single peak at ~23 pN indicating 170 specific interaction (red curve in Fig. 3b ). After cell surface SA deprivation by neuraminidase 171 (NA) treatment, the binding probability was reduced to 5-13 % while the pdf peak position 172 was unchanged (red curves and inset in Fig. 3b ). This verifies the specificity of our 173 measurement for receptor interaction. The binned histograms are shown for comparison along 174 with the fitted pdf. 175 For AH1, we observed pronounced binding to both tested cell lines, with rupture forces, 176 between 10 and 100 pN depending on the applied loading rate (Fig. 3c, d ). However, we 177 found an about 40 % reduced dissociation rate for A549 compared to CHO cells, indicating 178 preferential binding of human-type cell surfaces. We confirm this binding preference of AH1 179 by measuring binding to living MDCK cells, which express, similar to A549 cells, both 180 human-and avian-type receptors. We observed preferential binding to MDCK cells compared 181 to CHO cells ( Fig. S2 ). For FPV, we observed about three times lower dissociation rates 182 compared to AH1, with preferential binding to A549 (see table 1). pdmH1N1 virus showed 183 similar dissociation rates as FPV, but without pronounced cell type preference. H3N2/X31 as 184 well as H1N1/WSN were already studied by SVFS in our previous study 15 but reanalyzed 185 using the improved fitting procedure described above. The fitting values are reported in table   186 1. H3N2/X31 showed stronger attachment to CHO cells, while binding of H1N1/WSN to 187 A549 and CHO cells was almost identical 15 . 9
Discussion

190
Among other methods, solid-phase binding assays or glycan arrays represent a widely used 191 state-of-the-art way to analyze HA receptor specificity 28 . The desired ligand is coupled to a 192 flat surface and can either be probed with intact viruses 7, 8 suggest that HA's preference for human or avian-type receptors does not necessarily correlate 202 with expected binding patterns to cell lines modelling the surfaces of human or avian cells 203 (see below). We compared the specificity of virus binding measured in a glycan array (i.e.
204
receptor specificity) with that measured by SVFS (i.e. cell specificity). For pdmH1N1 and 205 H1N1/WSN, we found that the SVFS data (for H1N1/WSN see 15 ) are in good agreement 206 with results obtained from glycan array binding as neither strain displayed strong preference 207 for human or avian-type receptors or a particular cell model.
208
However, we observed contradicting preferences for H3N2/X31, AH1 and also for FPV.
209
H3N2/X31 was found to preferentially bind avian-type cell surfaces, while only recognizing α-2,6-linked (human-type) receptors on the glycan array. AH1, similarly to pdmH1N1, 211 recognized both receptor types on the glycan array and showed good binding to all six 212 presented specific glycans on the array, while SVFS indicated a preference for human-type 213 cell surfaces. FPV recognized all three avian, but only one human-type receptor on the glycan 214 array, while showing preferential binding to human-type cell surfaces in SFVS. However, 215 binding to the recognized human-type receptors (receptor 3 in Fig. 1 ) was about 2-3 fold 216 stronger compared to the avian-type receptors (receptor 5 in Fig. 1 ), which might explain the 217 stronger binding to A549 cells. In conclusion, our results suggest that the HAs receptor 218 preference as tested in glycan array binding may not be a good predictor for preferred binding 219 to human-type over avian-type cell surfaces.
220
The findings described above raised the possibility that non-sialic acid receptors contribute to 221 a larger than expected extent to virus cell binding. However, SVFS analyses of cells after 222 pre-treatment with neuraminidase to remove sialic acid structures showed that the binding 223 probability was strongly reduced, leaving the unbinding force unchanged (Fig. 2B ). This 224 indicates that the viruses indeed mainly bind to sialic acid of the cell surface, but that the 225 local environment of the receptor or other cell surface molecules alters the macroscopic cell 226 specificity leading to the observed differences. The stronger binding of AH1, pdmH1N1 and 227 H1N1/WSN to fucosylated glycan SLe X with α-2,3-linked to SA in comparison to the other 228 α-2,3-linked (avian-type) SA of our glycan array is indicative for the relevance of the local 229 environment. On the viral side, cumulating evidence suggests a role of the viral 230 neuraminidase (NA) in contributing to cell binding via sialic acid 31 . In our SVFS 231 measurements, NA was kept active and, hence, it cannot be excluded as a binding mediator, a 11 feature that could be tested in future experiments. 233 We also took a closer look at the thermodynamic properties of the virus cell interaction (table   234 1). Comparison of the transition state distance x u revealed values around 2-10 Å for viruses 235 binding to A549 cells (mean 5.8 Å). In contrast, on CHO cells, we found higher transition 236 state distances between 2-13 Å (mean 8.1 Å). This interesting feature was also previously 237 observed for IAV H3N2/X-31 15 and suggests a differently shaped energy barrier. Correlation 
Conclusion
250
Recent glycomics approaches and the use of ex vivo tissue culture revealed new insights into 251 the complexity of the living cell surface 13, 14 . Since sialic acid was first identified as an 252 influenza virus attachment factor 32 , many studies have focused on HA-SA binding. Although 12 this interaction is clearly important, not only infection of desialylated cells 11 , but also the 254 recent characterization of non-SA binding hemagglutinin encoded by a bat-derived H17N10 255 virus 33 , and the discovery that 1918 pandemic virus unaffectedly binds to primary human 256 airway cells even when its HA is engineered to bind exclusively to avian-type SA receptors 34 257 suggested that other molecular determinants within the plasma membrane are also critical in 258 initiating influenza A virus infection. For characterizing virus specificity, we suggest a dual 259 complementary approach: (1) in vitro binding assays with synthetic glycans to precisely 260 identify the preference of HA (or NA) for a specific sialic acid structure and (2) incubation in 1% citric acid as described previously 36 . After rinsing with water for 3 times, 314 once with ethanol and drying under a stream of nitrogen, the tips were incubated in a mixture 315 of 19-25 µL of approximately 0.6-1.6 mg/mL influenza A virus in PBS (without Ca ++ ) and 316 1-2 µL of 1 M NaCNBH 3 (freshly prepared by dissolving 32 mg of solid NaCNBH 3 in 500 317 µL of 10 mM NaOH) for 60 min. The tips were then washed in 3mL PBS for 3 times and 318 stored in PBS at 4 °C. All other chemicals and reagents were purchased from different commercial sources in the highest purity grade available. 320 SVFS measurement. As illustrated in Fig.1 , AFM-based force spectroscopy was performed 321 with an Agilent 5500 AFM. The Petri dish with cells was mounted with the AFM, which was 322 put on the optical microscope through a specially designed XY stage. Before force 323 measurements, the cantilever with a nominal spring constant of 10 pN/m functionalized with 324 influenza A virus was incubated in 5 mg/mL BSA for 30 min in order to minimize the 325 nonspecific interaction between the cantilever tip and the cell surface. Measurements were 326 performed in PBS buffer at room temperature. After the cantilever tip approached to the cell 327 surface, force distance curves were repeatedly measured with Z-scanning range of 2 µm, 328 cycle duration of 0.5-8 s, 500 data points per curve, and typical force limit of about 40-70 pN.
329
The spring constants of the cantilevers were determined by using the thermal noise method 37 . probability density function (pdf) (Fig. 1d ) was calculated and a Gaussian distribution was 338 fitted to the main peak of the pdf. Subsequently, all unbinding events within ± of the fit 339 have been selected to create a loading rate dependence scatter plot (Fig. 1c-f To circumvent this influence, we applied a maximum likelihood routine to fit the SVFS data 348 to the Evans-model 27 , in order to obtain 0(( and " ( Table 1) .
349
Accordingly to the single energy barrier binding model, the probability p that the complex 350 breaks at a certain force, F, is given as 38 : (3)
352
The parameters " and 0(( were determined by applying a maximum likelihood approach, 353 in which the negative log likelihood nll was minimized by modifying 0(( and " , with culture dish that is attached to three step motors that allow movement with high accuracy.
416
The cantilever acts as a Hookean spring and hence bending can be translated into applied In case of an interaction, the cantilever will bend towards the sample until the underlying 425 bond fails and the cantilever returns into the zero-force position (see also Fig. 2a ). Supplementary Table S1 . Comparing SVFS results obtained using two different fitting approaches. Loading rates LR can either be obtained by using the mean effective spring constant <k eff > for each pulling velocity v (LR = v*k eff ) or, using a more adapted approach reported previously and now used in this study, calculated for each individual force-distance curve. Each fitting approach results in slightly different fitting parameters. Dissociation rate k off , separation from the energy barrier x u , and average bond lifetime τ off obtained by fitting the SVFS data to a single energy barrier binding model. 
